[1] An analysis of the Northern Imbrium Noritic (NIN) region was conducted using Clementine UVVIS multispectral images and derived band parameters. Band parameters were used to map spatial variations in composition and to aid in general separation of compositional signatures from effects such as maturity and topography. Compositional trends in which the abundance of mafic materials relative to feldspathic materials increased were observed with depth in large craters, with distance to the west, and with distance from the center of the Imbrium basin. On average, the region appears to have an anomalously mafic surface composition, with a noritic upper unit overlying and grading into a more feldspathic layer that is exposed in the central peak of the largest crater in the region. Of several hypotheses that could explain these results, we favor a scenario in which feldspathic crustal materials underlie moderately mafic South Pole-Aitken antipodal ejecta, which is covered by and mixed with mafic Imbrium ejecta. Limitations of the Clementine UVVIS data preclude quantitative evaluation of these hypotheses, but compositional information from new high-resolution data sets should allow the direct comparisons needed to test these hypotheses.
Introduction
[2] The early stages of lunar evolution are thought to have been dominated by crystallization and settling of a magma ocean. Gravitational instability led to overturn of the crystallizing magma ocean, which produced the ''canonical'' crustal stratigraphy hypothesized to exist today. This canonical stratigraphy has low-density feldspathic materials at shallow levels, grading to more mafic norites (plagioclase + low-Ca pyroxene) and gabbros (plagioclase + high-Ca pyroxene) at depth [e.g., Ryder and Wood, 1977; Warren, 1985 Warren, , 1990 Hess and Parmentier, 1995; Shearer and Papike, 2005] . While the surface layer may contain mafic materials like norites derived from crater ejecta , the expected trend is one of increasing mafic mineral content with depth [Ryder and Wood, 1977] . Large impacts on the lunar surface, such as those that produced the large basins, act to disrupt this trend, as they are capable of excavating material from depth and redistributing large amounts of compositionally mixed material across the Moon [Pike, 1974; Housen et al., 1983; Wilhelms et al., 1987; Jolliff et al., 2000; Haskin et al., 2003; Pieters, 2006, 2008] .
[3] The Northern Imbrium Noritic (NIN) region is located north of the Imbrium basin on the nearside of the Moon, just north of Mare Frigoris. For the purposes of this discussion, it ranges from $285°E to $5°E, and from $55°N to $75°N. A global albedo mosaic produced from Clementine UVVIS images is shown in Figure 1a , which denotes the location of the NIN region. Figure 1b presents a zoomed-in view of the NIN region. The NIN region lies beyond the main topographic rim of Imbrium, but is within $2 Imbrium crater radii (main rim radius 560 km) [Spudis, 1993] of the basin center. Contours on Figure 1b indicate distance from the center of the Imbrium, defined here as 342°E, 33°N [Wilhelms et al., 1987] . As one of the largest and youngest impact basins on the Moon, Imbrium may have had a substantial effect on the NIN region [Wilhelms et al., 1987; Spudis et al., 1988; Spudis, 1993; Petro and Pieters, 2008] . Furthermore, the geometric antipode of the gigantic South Pole-Aitken (SPA) basin is predicted to be near 0°E, 56°N. This location is illustrated in Figure 1a . However, because the formation of SPA is not well understood, our understanding of the location of its antipode and any potential antipodal effects are also uncertain [Moore et al., 1974; Schultz, 1997; Wieczorek and Zuber, 2001; Schultz, 2007] . Within the NIN region are four large Copernican/Eratosthenian craters, which range in size from 50 to 130 km. Their locations are shown in Figure 1b , and their sizes, locations, and ages are given in Table 1 [Lucchitta, 1978; Wilhelms et al., 1987] .
[4] Remote observations of the lunar feldspathic highlands surface typically show evidence for mildly noritic compositions [e.g., Pieters, 1986; Hawke et al., 2003] . However, the surface composition of the area north of Imbrium basin is unusual. Preliminary analysis using Clementine UVVIS multispectral reflectance data suggests that the rocks in this area are more noritic than predicted by the canonical stratigraphy [Pieters, 2002] . This early analysis suggests that this region may be more noritic than most other areas on the Moon other than those exposed within SPA Pieters, 2002] .
[5] In this study, we examine the NIN region in detail. We characterize trends in the region's composition that can be derived from Clementine UVVIS multispectral data. Trends are investigated roughly with longitude, latitude, and depth. Because the principal data available for this study are Clementine multispectral images, we explore the extent to which the competing effects of maturity and mineralogy can be distinguished. One of our principal methods for examining maturity versus mineralogy is the use of band parameters derived from Clementine multispectral images, which also aid in the examination of the spatial distribution of lithological units. We propose several hypotheses that can account for the results of the compositional analysis, and examine methods for distinguishing between hypotheses for the origin of the anomalous compositions observed.
Background

Lunar Near-Infrared Reflectance Spectroscopy
[6] Compositional analysis of the lunar surface can be performed by analyzing remotely acquired reflectance spectra, Figure 1 . (a) Global Clementine UVVIS 750 nm albedo image, simple cylindrical projection. South Pole-Aitken (SPA) basin is indicated, as is the NIN region, which is shown in detail in Figure 1b . The approximate location of the SPA geometric antipode is indicated by a white cross. (b) Clementine UVVIS 750 nm albedo image of the NIN region. The locations and approximate rim locations of the four large, young craters in the region are marked. The central peaks of these craters are marked with triangles (Pythagoras is marked with an inverted triangle). Other features of the region are marked for context, as are the locations of the 5-band UVVIS spectra shown in Figure 5 . The contours represent distance (in km) from the center of Imbrium basin (342°E, 33°N). et al., 1981; Pieters, 1986; Gaddis et al., 2003; Hawke et al., 2003] . Fe 2+ in crystal structures causes electronic transition absorption features that are specific to the crystallographic site(s) occupied. The properties of the crystallographic sites and their occupancy vary between minerals and mineral compositions, which leads to absorption at different energies [Burns, 1993] . Thus, the character of the absorption feature or features in a spectrum is mineralogically diagnostic. Furthermore, the properties of absorption features (band centers, strengths, and shapes) change in generally wellunderstood ways on the basis of the relative abundances and compositions of the mafic minerals present [Burns, 1993] .
[7] Reflectance spectra of several common lunar materials are illustrated in Figure 2 . The two most common mafic minerals on the lunar surface, pyroxene and olivine, both have diagnostic absorption features that vary with composition [Adams, 1974; Cloutis et al., 1986; Burns, 1993; Pieters, 1993, 1998; Klima et al., 2007] . Pyroxenes have absorption features near 1 mm and 2 mm. These features shift in wavelength depending on the pyroxene's composition; increased abundances of Fe and Ca cause longer-wavelength absorption features [e.g., Adams, 1974; Hazen et al., 1978; Cloutis et al., 1986; Klima et al., 2007] . Low-Ca pyroxenes (LCP, shown as dotted line) as well as noritic rocks containing LCP exhibit absorption bands with distinctively shorter-wavelength band centers than high-Ca pyroxenes (HCP, dashed and solid lines with triangles) and gabbroic rocks containing HCP. Olivine has a combination absorption feature near 1 mm that is composed of three principal, overlapping absorption bands, and lacks a 2 mm feature unless it contains contaminants or inclusions [Burns, 1970 [Burns, , 1974 Sunshine and Pieters, 1998; Cloutis et al., 2004; Isaacson and Pieters, 2008] .
[8] The multispectral data produced by the UVVIS and NIR instruments on the Clementine spacecraft are the only available global color data for the Moon prior to 2008. The UVVIS imager had five bands, centered near 415 nm, 750 nm, 900 nm, 950 nm, and 1000 nm. The position of these bands is illustrated in Figure 2 . Although the Clementine multispectral images have limited spectral coverage, they can be used to evaluate to first order both the strength and the position of the 1 mm ferrous absorption feature. Multiple processes affect the strength of absorption features in reflectance spectra, such as abundances of plagioclase feldspar, the presence of opaques such as ilmenite, particle size, and maturity due to space weathering, which is discussed more thoroughly below. The limited wavelength range and spectral resolution of the Clementine multispectral data precludes full analysis of the 1 mm feature, however, so interpretations can often be ambiguous. Overall, variations in the 1 mm feature observed with Clementine data can be suggestive of local mineralogy, but are not uniquely diagnostic of a particular composition or state Tompkins and Pieters, 1999; Pieters et al., 2000 Pieters et al., , 2006 .
Space Weathering
[9] Space weathering of an airless body is caused by the constant bombardment of the surface by micrometeorites and high energy particles. This bombardment leads to the formation of complex agglutinitic glasses and vapor-deposited grain coatings containing submicroscopic nanophase reduced iron [e.g., Taylor et al., 2001] . The combined effect of space weathering processes cause important changes to reflectance spectra, principally owing to the optical properties of the nanophase reduced iron in vapor-deposited rims [Pieters et al., 2000; Hapke, 2001; Noble et al., 2001 Noble et al., , 2007 . The optical effects of space weathering include substantially weakened absorption features, decreased albedos, and typically more steeply reddened continuum slopes. These optical effects are readily seen in the Apollo 16 mature highland soil spectrum in Figure 2 . Soil maturity is an important factor that must be considered carefully in order to make reliable compositional assessments about spectral features observed in remotely acquired data. A number of approaches have been developed to deal with maturity in interpreting the Clementine UVVIS data set [e.g., Fischer and Pieters, 1996; Shkuratov et al., 1999; Lucey et al., 2000b; Pieters et al., 2006] , and in later sections we will use multispectral parameters to address maturity across the NIN region.
NIN Region Overview
[10] As mentioned in the introduction, the NIN region has been interpreted as having a noritic composition relative to typical lunar feldspathic highlands materials. This conclusion is most easily visualized through the use of color composite images, which highlight subtle differences in the Clementine multispectral data [Belton et al., 1994; Tompkins and Pieters, 1999; Pieters et al., 2001] . Figure 3 presents two of the most common color composite images constructed from Clementine UVVIS data. The color assignments for these composite images are given in Table 2 . The first image, shown in Figures 3a and 3b , is called the ''rock-type'' color composite Figure 2 . Reflectance spectra of typical lunar minerals and Apollo 16 soil. The band passes of the five Clementine UVVIS bands are superimposed. Note the broad absorptions near 1 and 2 mm for pyroxene, which shift in wavelength with pyroxene composition. Olivine shows a combination absorption near 1 mm (this sample exhibits a 2 mm feature caused by spinel inclusions). Plagioclase is bright across the spectrum and often exhibits a weak absorption near 1.3 mm. Soils have weakened absorption features, decreased albedos, and typically a red continuum slope.
image, and was developed to map the variety of mafic rock types in SPA . Its color assignments are designed to display mature soils and anorthositic regions lacking a significant 1 mm absorption feature as blue, and to highlight regions with significant mafic mineral abundances as red (noritic) and green (gabbroic). The second image, in Figure 3c , uses a version of the ''Standard Galileo Color Composite'' color assignments developed by the Galileo Figure 3 . (a) Global Clementine rock-type color composite image [after Pieters et al., 2001] . The band assignments are given in Table 2 . In this scheme, reds and oranges suggest noritic materials, blues indicate mature soils or feldspathic materials (weak absorption features), and yellows and greens indicate the presence of basaltic or olivine-rich materials. As in Figure 1a , SPA and the NIN regions are identified. The prominent pink tones in the area north of Imbrium and in SPA indicate the anomalous composition of the NIN region as well its apparent compositional similarities to nonmare craters in the interior of SPA. (b) Rock-type color composite image showing detail for the NIN region. The region, contours, and crater locations are the same as illustrated in Figure 1b . The region's noritic character is apparent from the dominance of the pink tones across the region. The feldspathic nature of the region immediately surrounding Pythagoras is apparent from the relatively blue tones in the western portion of the region. Table 2. science team during the Galileo lunar encounters [Belton et al., 1994] . This composite is designed to capture variations in continuum slope across the visible in the red-to-blue tones (this variation is sensitive to maturity as well as Ti content of basalts), and to highlight regions with abundant mafic minerals in green-yellow. Typical lunar feldspathic highlands are mildly noritic, containing minor abundances of low-Ca pyroxene mixed with abundant plagioclase feldspar. In these Clementine-derived images of the NIN region, however, the pink tones in Figures 3a and 3b suggest that the surface of the region is quite noritic, containing greater abundances of low-Ca pyroxene relative to surrounding feldspathic highlands regions. The Standard Galileo Color Composite image also reveals elevated abundances of mafic minerals in the green-yellow tones prevalent across the region in Figure 3c .
[11] Five-band spectra extracted from Clementine UVVIS mosaics of the NIN region indicate that it contains rocks dominated by basalts of Mare Frigoris and feldspathic norite. These classifications are based primarily on visual inspection of the strength and inferred position of the 1 mm absorption feature, attempting to follow previous classifications [Tompkins and Pieters, 1999] . Representative 5-band spectra of these rock types and typical soil from the region were acquired as averages of 3 Â 3 pixels (200 m/pixel) and are illustrated in Figure 4 . Figure 4 also illustrates a typical 5-band spectrum of mature nonmare soil from the NIN region. Also plotted in Figure 4 is a bidirectional reflectance spectrum of mature highland soil sample 62231 measured in the RELAB at Brown University [Pieters, 1999] . The locations from which the Clementine 5-band spectra were extracted are illustrated in Figure 1 . The 5-band spectra were selected to highlight both the compositional diversity within the NIN region and the effect of optical maturity due to space weathering. Even in these 5-band spectra, the difference between mare basalt and other materials from the region is clear from the apparent long wavelength center of the 1 mm feature as indicated by relatively low reflectance values at 1000 nm (lack of an ''upturn'' in reflectance at 1000 nm). This property is diagnostic of mare basalt in this region.
[12] For context, the Lunar Prospector Th abundance data [Lawrence et al., 2000] are presented in Figure 5 . These data show that the NIN region is characterized by relatively high Th abundances, which decrease with increasing distance from the center of the Imbrium basin. The region is close to the approximate boundary between the Procellarum KREEP Terrane and the FHT,O Terrane as defined by Jolliff et al. [2000] . The spatial distribution of Th abundances suggests that they may be generally associated with the Imbrium impact, as argued by Haskin [1998] . However, the small region around Pythagoras, the largest fresh crater in the region, is a notable exception to region's high Th abundan- Examples of the effect of maturity are illustrated for both types of materials, as the symbol progression from circle to square to diamond indicates the progression from fresh materials to mature soils. A mature Apollo 16 soil laboratory reflectance spectrum is compared with a typical Clementine UVVIS (3 Â 3 average) spectrum of a mature soil from the NIN region.
ces, as a pronounced relative Th low is associated with the crater and its immediate surroundings.
Methods
[13] We employed a range of techniques to investigate the composition of the NIN region in detail. The first-order vertical compositional stratigraphy of the region was evaluated by visually analyzing the 1 mm feature in 5-band spectra extracted from central peaks of large fresh craters in the region. Broad, spatially extensive trends in surface and nearsurface composition were evaluated through the use of band parameters derived from Clementine UVVIS multispectral data, which are defined for the purposes of this discussion as band ratios, band combinations, or some combination of the two.
[14] It is generally accepted that impact craters excavate to depths roughly proportional to their diameters, and that they expose material from different depths in their walls, central peaks, and continuous ejecta deposits [e.g., Melosh, 1989; Cintala and Grieve, 1998 ]. Central peaks, when present, are expected to contain the deepest exposed material excavated by a crater. Additionally, the steep slopes of central peaks preclude the development of a thick regolith, so their surfaces tend to be relatively immature and free from the effects of space weathering, which complicate compositional analyses. The 5-band spectra used for analysis of vertical compositional stratigraphy are presented in Figure 4 ; the locations from which the spectra were extracted are illustrated in Figure 1b .
Band Parameters
[15] Band parameters were used to investigate trends in the surface and near-surface composition of the region. Band parameters offer a number of advantages over qualitative analysis of individual 5-band reflectance spectra. Perhaps most importantly, they highlight subtle differences between individual reflectance spectra, which is particularly important in the case of low spectral resolution data sets such as the Clementine UVVIS data. Additionally, band parameters allow variations between 5-band spectra to be mapped spatially much more easily than would qualitative evaluation of a large suite of individual 5-band spectra. We employed two band parameters derived from the UVVIS data. The parameters are estimated ''band strength'' (BS) and ''band curvature'' (BC). The specific formulations of these parameters are given in equations (1) and (2), where subscripts refer to Clementine UVVIS bands and R is Clementine UVVIS reflectance:
[16] The band strength parameter is designed to capture variations in the depth (or ''strength'') of the 1 mm absorption feature. This parameter is, to first order, sensitive to abundances of mafic minerals. The effect of maturity must be considered, of course, but in the absence of maturity effects, 5-band spectra with stronger bands are indicative of more abundant mafic minerals. Band strength is generally not sensitive to the nature of the mafic minerals, because it does not constrain the center of the absorption feature. However, when combined with the albedo (750 nm reflectance) of a 5-band spectrum, this parameter can be used to make firstorder compositional assessments. With a few assumptions requiring the 1 mm absorption feature of all mafic minerals to respond similarly to Fe 2+ abundance, previous studies used scatterplots of band strength versus albedo to derive global estimates of surface iron content [Lucey et al., 1995 [Lucey et al., , 2000a Wilcox et al., 2005] . This approach is based on the hypothesis that all materials approach a theoretical common mature soil end-member in such scatterplots, and that immature materials plot toward the edge of the data cloud in directions controlled by their mineralogy (abundance of mafic minerals relative to plagioclase).
[17] An example scatterplot is shown in Figure 6 , which shows our band strength parameter plotted versus 750 nm albedo for all Clementine UVVIS pixels (at 200 m/pixel) in the NIN region. Note that in our formulation, a low value of the band strength parameter indicates a strong absorption, as stronger bands lead to low R 950 relative to R 750 (band Figure 5 . Lunar Prospector Neutron Spectrometer Th abundance data for the NIN region. Th abundance ranges from 0.4 ppm (black) to >5 ppm (white). The spatial resolution of the data is 0.5 degrees/pixel. Note the trend of decreasing Th abundance with increasing distance from Imbrium, as well as the low-Th anomaly directly coincident with Pythagoras. The region, contours, and crater locations are the same as illustrated in Figures 1b, 3b , and 3c. strength is usually measured relative to a continuum, or as 1 -true band strength). The albedo -band strength coordinates of several 5-band spectra plotted in Figure 4 (fresh, intermediate, and mature norite along with the Pythagoras central peak) are illustrated in Figure 6 . These coordinates illustrate the effect of maturity and composition in this parameter space, as mature materials plot toward the center of the data cloud, and materials plot in different directions from the center of the cloud as a function of composition.
[18] The band curvature parameter was designed to capture variations in the center of the 1 mm absorption feature. Our formulation is a modification of previous ''curvature'' parameters [Tompkins and Pieters, 1999; Pieters et al., 2001; Dhingra, 2008] . High curvature parameter values are indicative of a shorter-wavelength 1 mm absorption feature, and low curvature parameter values of a longer-wavelength feature. Because it is designed to highlight variations in the position of the 1 mm feature, band curvature is useful for compositional assessment; it is particularly useful for distinguishing between HCP and LCP. We employed scatterplots of band curvature versus albedo to make compositional assessments with this parameter.
[19] Band parameter analysis was concentrated on the most immature materials in the NIN region. Maturity complicates the compositional interpretation of the Clementine UVVIS data, so focusing primarily on immature materials allows compositional effects to be isolated more easily. Selection of immature materials was performed using the scatterplot illustrated in Figure 6 . The selection was based on the principle that immature materials lie at the edge of the data cloud in this scatterplot. We classified as immature those pixels falling below 10% of the maximum point density using a custom ''density slice'' of the data cloud. Remaining pixels were classified as a single mature/submature class. Shadows, bad pixels, and mare basalts, as labeled in Figure 6 , were excluded from this classification and from subsequent analyses. While this approach removes the dominant effect of maturity by eliminating most of the mature pixels in the scene from band parameter analysis, it does not eliminate the possibility of maturity effects in pixels classified as immature. To test for a dominating effect of maturity in analysis of the immature pixels, we evaluated the band curvature parameter as a function of longitude across the NIN region for the various maturity classes (immature, mature/submature, and all pixels, where ''all pixels'' refers to a combination of the immature and mature/submature classes). The strongest variation in parameter values as a function of longitude was observed in the immature materials class, indicating that the dominant cause of spatial variation in the band parameter is composition rather than maturity. After excluding mare basalts and bad pixels/shadows, the NIN region data were separated according to maturity, as identified. Maturity separation was determined by point density relative to the maximum, as described in section 3.1. Only materials classified as immature were used for further analyses. The albedoband strength coordinates of several of the UVVIS 5-band spectra used in this study (Figure 4 ) are plotted as stars. Areas 1 -3 are ''fresh norite,'' ''intermediate norite,'' and ''mature norite,'' respectively; area 4 is the central peak of Pythagoras.
Parameter Class Definition
[20] Classes of the band strength parameter were defined according to the tendency of lunar materials to plot in different directions, depending on their composition, from the hypothesized common ''mature soil'' end-member in a band strength -albedo scatterplot, as recognized by previous studies [Lucey et al., 2000a; Staid and Pieters, 2001; Wilcox et al., 2005] . We defined our classes to follow this rough trend in composition with direction from the mature soil cluster. The scatterplot of the classified immature materials is illustrated in Figure 7a . The classes were drawn to follow pronounced trends between the most mafic (A, red) and feldspathic (D, blue) ''end-members,'' with the two intermediate classes (B, orange and C, green) spread evenly between the extremes. Along this trend, we define class A as the ''high'' band strength parameter class and class D as the ''low'' band strength parameter class. Thus, in our classification, ''low'' band strength classes refer to weaker absorption features. Although specific band strength values for each class cannot be given explicitly, as the classification relies on coupled albedo -band strength coordinates, the strongest absorption features in the classified materials have band strengths of around 0.7 in our formulation. Highly feldspathic materials have band strengths >1 owing to their lack of mafic absorption features.
[21] The band curvature versus albedo plot is shown in Figure 7b . The classified immature materials are the same as those classified in Figure 7a . Unlike the band strength parameter, the band curvature parameter does not rely on a tight coupling with albedo for compositional assessment. While albedo provides useful information, especially for plagioclase abundance, the band curvature parameter can be used directly for compositional interpretation of any mafic component present. Thus, classes were divided by band curvature only (straight lines of constant curvature). The class divisions were placed to emphasize variations in the density of the data cloud, resulting in a set of 6 principal curvature classes for the NIN region. Class colors were assigned to be as consistent as possible with the band strength parameter; the most curved classes, with curvature values higher than $2.1 (the most mafic) are assigned to purple, brown and red, with colors grading to less curved (less mafic) through orange, green, and blue, reaching minimum values of $1.95. Along this trend from 1 to 6, we define class 1 as the ''high'' band curvature class, and class 6 as the ''low'' band curvature class. Thus, in both band parameters classifications, ''low'' band parameter classes contain weak or less Figure 8 . Local maturity trends occur along the long axis of each class. While maturity effects remain important, the abundance of mafic minerals ranges roughly from the most mafic (red, class A) to the most feldspathic (blue, class D). Class A is defined as ''high'' and D as ''low'' band strength. (b) Scatterplot of albedo versus band curvature. The spatial distribution of these defined classes is shown in Figure 8 . Classes emphasize changes in the band curvature parameter. Classes range from highly curved (purple/brown/red, classes 1-3) to low curvatures (blue, class 6). Class 1 is defined as ''high'' and class 6 as ''low'' band curvature. Low curvature values can have a number of possible interpretations, as discussed in the text. For several classes, subclasses a -c based on albedo were defined on the basis of observed trends in the cloud of points in the scatterplot. These subclasses allow the effect of processes affecting albedo to be isolated from those affecting curvature or a combination of curvature and albedo. (c) Comparison of the cumulative area of mapped classes for the band parameter analysis techniques employed in Figures 7a and 7b . The relative abundance of classes and subclasses indicates that while the classes map similar properties, the differences between the two methods are significant. Note that the class colors do not correspond directly (the colors do not represent the same specific property between the two methods), as discussed in the text. curved absorption features, suggestive of feldspathic materials, and the ''high'' band parameter classes contain the strongest or most curved absorption features, suggestive of more mafic materials. A pronounced trend in the band curvature data cloud from intermediate albedo ($0.5) and low curvature ($1.96) to low albedo ($0.2) and high curvature ($2.1) was identified. This is an overall trend from lower center toward the upper left in the scatterplot. Several ''subclasses'' were defined to track this trend. These subclasses were identified with ''a, b, and c'' labels and different shades of the principal class color used in Figure 7b . The subclasses are divided primarily on the basis of albedo, and the darker shade of the principal class color, subclass a, corresponds to the low-albedo subclass, whereas the lighter shade of the principal class color, subclass c, corresponds to the high-albedo subclass.
Results
[22] Comparison of the typical NIN region soil 5-band spectrum with the laboratory spectrum of mature highland soil (both plotted in Figure 4) indicates that NIN region soils are typically brighter and have slightly stronger 1 mm absorption features. While direct comparisons between laboratory reflectance measurements and Clementine UVVIS data should be treated with extreme caution, this simple comparison appears to suggest that the NIN region is more noritic, on average, than mature Apollo 16 soil, our best proxy for mature feldspathic highlands soils.
[23] The 5-band spectra extracted from the large crater central peaks reveal some of the composition of the NIN region at depth. The 5-band spectra of the central peaks of Anaxagoras, Philolaus, and Carpenter are suggestive of noritic compositions, though the signatures are weaker than observed for some immature surface materials, as observed in the fresh norite 5-band spectrum. The 5-band spectrum of the Pythagoras peak is quite bright and lacks a 1 mm absorption feature; both properties are suggestive of an anorthositic composition. The other large craters have varying abundances of noritic materials, based on the trend in their 1 mm band strength as seen in the scaled reflectance plots from Figure 4 . The trend in band strength is roughly consistent with crater size, with smaller (and shallower excavating) craters exposing more noritic materials. Pythagoras and its immediate surroundings are also associated with a prominent relative low in Th abundances, as illustrated in Figure 5 .
[24] The relative distribution across the NIN region's surface of the classes defined in the band parameter scatterplots in Figures 7a and 7b is shown in Figure 7c . The size of each class in this stacked bar plot is representative of the total number of immature pixels grouped into that class. The colors in Figure 7c correspond only to their respective scatterplot (Figures 7a and 7b ) and do not correspond between band parameters, other than the general trend of mafic to feldspathic from red to blue, as discussed in section 3.2. In other words, the colors used for the band strength classes do not relate directly to those used for the band curvature classes; both are tied to relative plagioclase and mafic mineral abundance but reflect different classification approaches applied to the 5-band data. Figure 7c shows that while the NIN region may be more mafic than typical feldspathic highlands on average, it is not unilaterally mafic; significant abundances of feldspathic materials are found. While the definition of ''mafic'' and ''feldspathic'' is defined specifically for the NIN region in the case of these parameters, the relative area of each class shows that there is significant diversity within the NIN region despite its overall mafic character.
[25] The spatial distributions of the compositional classes defined in the scatterplots of Figures 7a and 7b are illustrated in Figure 8 . The same colors used to define classes in Figure 7 are used to plot their spatial distribution in Figure 8 , so the trend from mafic in red to feldspathic in blue is consistent. As in Figures 1 and 3 , the labeled contours indicate distance from the center of Imbrium basin. On a regional scale, spatial variations of compositional parameters are observed both longitudinally and with distance from Imbrium. The band strength parameter shows increased abundances of the ''low'' classes (C and D, weaker absorption features) to the west and with distance from Imbrium relative to the ''high'' classes (A and B, stronger features) . The band curvature parameter shows a similar pattern, with ''low'' classes (4-6, less curved absorption features) becoming more prominent to the west and with distance from Imbrium relative to ''high'' classes (1-3, more curved features). Both parameters exhibit distinct patterns around fresh craters. We observed a trend in which materials are classified as lower classes with increasing distance from craters. This indicates that the absorption features become weaker and less curved with distance from fresh craters. In the context of the color scheme used in Figures 7 and 8 , this trend is manifested by a pattern of the more red/orange classes grading to the blue/green classes away from the craters. The range in curvature values is significant, spanning 3 -4 curvature classes (a range of $0.1) in some cases.
Discussion
Compositional Stratigraphy
[26] We interpret the trend in band strength in the 5-band spectra of the large crater central peaks as evidence for a compositional gradation with depth in the NIN region. The smallest and shallowest crater (Anaxagoras) has the strongest absorption feature, while the largest and deepest crater (Pythagoras) lacks an absorption feature and apparently exposes anorthositic materials in its central peak. The trend is interrupted for the intermediate craters (Philolaus and Carpenter), likely owing to coexisting compositional trends in the other spatial dimensions. The upper levels of the NIN region are dominated by unusually noritic materials relative to typical feldspathic highlands, while it is predominantly feldspathic at depth. The Th abundance data are an additional clue about the region's stratigraphy, as Pythagoras is closely associated with a prominent relative low in Th abundance. Taken together, the central peak 5-band spectra results and Th abundance data suggest that the surface noritic materials overlie more feldspathic materials, and that only the Pythagoras impact fully penetrates the upper noritic unit to expose the underlying feldspathic materials. While it is possible that Pythagoras merely tapped a local concentration of feldspathic materials, the other results suggest that its feldspathic nature is more consistent with our compositional gradation model. The NIN region thus appears to have a compositional trend with depth which is opposite to that predicted for typical lunar crust, in which feldspathic materials grade to more mafic materials with increasing depth [Ryder and Wood, 1977] . While mafic materials overlying feldspathic materials have been observed across the lunar surface [e.g., Hawke et al., 2003], we find that the NIN region's surface is unusually mafic relative to typical feldspathic highlands. Our proposed, schematic compositional stratigraphy is illustrated in Figure 9 , which demonstrates how the large craters in the Figure 8 . Regional distribution map of classes identified in Figure 7 . Local and regional trends in composition in multiple spatial dimensions can be identified in both images, as discussed in the text.
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Surface and Near-Surface Compositional Variations
[27] We interpret the broad trends in the band parameter results for the most immature materials of the NIN region to be largely indicative of composition. Both band parameter mapping methods are in general agreement about the regionalscale compositional variations. The band strength parameter suggests that mafic minerals are less abundant to the west, while the band curvature parameter suggests that low-Ca pyroxene is less abundant to the west. This is suggested by the increased abundance in both classifications of the more blue/green classes (''lower'' class numbers on the A-D band strength and the 1 -6 band curvature classification scales) to the west relative to the abundance of red/orange classes (''higher'' class numbers). Taken together, these results imply that the region becomes more feldspathic to the west rather than undergoing a change in the dominant mafic mineralogy. A decrease in the band curvature parameter (increased area classified as lower/more feldspathic classes) without a corresponding decrease in the band strength parameter (similarly increased area of lower class numbers), however, would imply such a change in mafic mineralogy. The observed trends thus imply that more mafic materials occur in the east, and more feldspathic materials in the west, with a few spatially minor exceptions, most notably the small crater north of Pythagoras. This small crater may be very immature even relative to the typical immature materials we classify, and thus appear to be relatively mafic. These minor exceptions, however, do not alter the overall region-scale compositional trends and interpretations.
[28] The trends observed around fresh craters are not surprising. These patterns are expected for mixing of fresh mafic-rich ejecta with surrounding soils, in which the abundance of fresh ejecta materials decreases with increasing distance from the crater. As more mature soils are mixed with fresh crater ejecta, the material appears less mafic on average, and is mapped as a ''lower'' class number. Once distance from the crater increases sufficiently, the mature soil dominates the mixture and the material is no longer classified as immature by our approach. Interestingly, the abundance of immature materials grouped into our classification approach appears greater in the north of the image. This is likely coupled to difficulties in calibrating the Clementine UVVIS data leading to albedo errors at extreme latitudes as well as the correlation between maturity and albedo.
[29] The band strength and band curvature parameters yield similar but not identical results. They differ most strongly in regions of extreme topography, most notably on Sun-facing crater central peaks and walls. This extreme topography leads to albedo errors, which must be considered. In these regions, the band strength parameter often maps the materials as less mafic than their surroundings, as materials on these Sun-facing peaks and walls are mapped as a ''lower'' band strength class on the A-D scale of Figure 7a . The band curvature parameter, however, maps these regions as the high-albedo subclass, subclass c, of the principal class number (1 -6) assigned to the surrounding materials. The disagreement is not surprising, as the band strength parameter must be directly coupled to albedo for compositional analysis, while in our method, the band curvature parameter does not rely directly on albedo to define compositional classes. However, these results indicate some weaknesses of relying on the band strength parameter for compositional assessment; albedo errors can strongly degrade its ability to make compositional distinctions. The band curvature parameter is a useful compositional indicator but is more limited in its ability to determine mafic mineral abundance. In general, our results suggest that both parameters have strengths and weaknesses, and that the more reliable results will be obtained when they are applied in combination.
Sources of NIN Compositional Stratigraphy
[30] There are a number of potential explanations for the compositional stratigraphy and trends observed in the NIN region, several of which we explore here. They include (1) that the NIN region is inherently anomalous owing to crustal heterogeneity, (2) that the formation of Imbrium and the emplacement of mafic Imbrium ejecta led to the NIN region's anomalous composition, and (3) that the region's unusual geology is a product of the SPA impact event. In addition, some combination of these hypotheses could have produced the observed results.
[31] The most direct explanation for the NIN compositional anomaly is that the region has an inherently unusual composition, possibly from local-scale igneous activity, and that the anomaly is not formed predominantly by later processes. This hypothesis does not rule out more recent modification of the NIN region; local igneous processes could occur in concert with other processes that modify the region, such as basin ejecta emplacement and mixing. However, these hypotheses are not easily verifiable with the currently available data.
[32] We interpret the observed trend with distance from Imbrium to be an effect of basin ejecta distributed across the lunar surface. Imbrium is the largest and most recent basinforming impact capable of significantly affecting this region, and its ejecta may include relatively mafic deep-seated crustal materials [Ryder and Wood, 1977; Wilhelms et al., 1987; Spudis et al., 1988; Melosh, 1989] . In general, as distance from the center of the basin increases, the thickness of the emplaced ejecta decreases [e.g., Pike, 1974; Housen et al., 1983; Haskin et al., 2003] . Imbrium ejecta may have been relatively massive and of sufficient quantity to impart a compositional signature detectable with remote analysis techniques Pieters, 2006, 2008] . The amount of Figure 9 . Cartoon illustrating our model for the NIN stratigraphy, in which noritic materials (dark) overlie and grade into feldspathic materials (white). The underlying feldspathic layer is exposed in the central peak of the largest crater, Pythagoras. The other larger craters excavate materials that are less mafic than the surface noritic layer, but do not expose the anorthositic material.
Imbrium-derived material mixed with the preexisting rocks of the NIN region is significant, but decreases away from the basin. Thus, the observed compositional trend with distance from Imbrium's center suggests an Imbrium-related origin for some of the NIN region's compositional abnormalities. Additionally, the generally high Th abundances of the surface and near surface are consistent with an Imbrium-related origin for a portion of the NIN region's unusual composition.
[33] As mentioned above, the antipode of SPA is hypothesized to be to the south of the eastern part of the NIN region, as illustrated in Figure 1a . Owing to its massive size, this basin and its deposits likely had a significant effect on essentially the entire lunar surface [Schultz, 1997 [Schultz, , 2007 Petro and Pieters, 2008] . Antipodal effects include ejecta thickening due to the convergence of ballistic flight paths [e.g., Moore et al., 1974; Watts et al., 1991; Wieczorek and Zuber, 2001] . Regardless of the scaling equation used, the antipodal deposits for a basin of the scale of SPA would be massive. While SPA and its deposits are poorly understood, the distinctive composition of the NIN region as interpreted from Clementine UVVIS data is broadly similar to immature nonmare materials in SPA Pieters, 2002] . Both regions contain abundant noritic materials, indicated by the pink tones in Figure 3a . It is possible that SPA antipodal ejecta thickening, consisting primarily of originally deep-seated noritic rocks, contributes to the anomalous composition of the NIN region observed in our analyses. This scenario might help explain the regional trend with longitude, as increasing distance from the antipode from east to west could reflect thinning SPA ejecta and thus an overall less mafic composition.
[34] Both Imbrium and South Pole-Aitken basins could have had a major role in shaping the observed composition of the NIN region. Ejecta materials from either or both impacts could produce trends consistent with our stratigraphic results (a mafic-rich near-surface layer underlain by a more feldspathic zone). However, neither basin's ejecta could produce all of the observed trends. The Imbrium ejecta hypothesis does not explain the east-west compositional trend, and the SPA ejecta hypothesis does not explain the trend with distance from Imbrium. However, if several processes are considered simultaneously, it becomes possible to explain the observations more coherently.
[35] Our favored hypothesis is described below. In this hypothesis, ancient, mafic SPA ejecta gave the region a background mafic character relative to surrounding regions in which lesser quantities of SPA ejecta were emplaced. This ancient, mafic ejecta contributed to the trend with longitude, as well as to some of the unusual compositional stratigraphy. More recently, mafic, Th-rich Imbrium ejecta were deposited in the region, and imparted a more mafic signature to the surface and near-surface materials. The confluence of mafic SPA and Imbrium ejecta produced the anomalously mafic composition of the NIN region. The trend with distance from Imbrium is explained by the role of Imbrium ejecta, and the east-west variations are explained by the distance from the SPA antipode. The trend with depth is related to both events, as mafic materials in the ejecta mixed with underlying feldspathic materials to varying degrees as a function of depth. The occurrence of the most mafic materials only at shallow depths can be explained by the more recent addition of a second mafic component (Imbrium ejecta) at the surface and its mixing to only a finite depth in materials deposited and gardened by the older SPA event. While antipodal effects are very difficult to model quantitatively, it is likely that Imbrium ejecta would not excavate the entire depth of materials deposited by the SPA impact event [Pike, 1974; Housen et al., 1983; Haskin et al., 2003; Wrobel and Schultz, 2004; Petro and Pieters, 2008] .
Testing Hypotheses by Comparative Analysis
[36] A suitable way to evaluate hypotheses for the origin of the NIN region's anomalous composition would be to compare its composition to other regions at similar distances from Imbrium. The signature of Imbrium ejecta might be traced, and the potential effect of SPA ejecta or primordial compositional anomalies could be investigated. If Imbrium is the dominant contributor to the NIN region, regions of similar composition should exist elsewhere around Imbrium. If SPA antipodal effects are the dominant contributor of the mafic anomaly, materials equivalent to those in the NIN region should be found in different directions from the antipode. If both processes are of comparable importance, the NIN should be unique, as it is the only location where the two effects coincide. If primordial crustal heterogeneity is the dominant process, regions similar to the NIN might be observed elsewhere, although their detection would not be diagnostic.
[37] We have performed such comparative analyses for a variety of regions around Imbrium, again using our procedure to select only the freshest materials to classify. The analytical procedures were the same as were employed the NIN region. The band parameter classes defined for the NIN region were applied to similar scatterplots created for the other regions. Direct comparison of other regions to the NIN, however, could not be performed owing to problems inherent in the Clementine UVVIS data set. Specifically, the imperfect photometric correction of the Clementine UVVIS data set leads to unreliable albedo comparisons at different latitudes. Spectral shape must be treated with caution as well, as there is a wavelength-dependent component of the photometric correction [McEwen et al., 1998 ]. These problems affect the band strength parameter most directly owing to its strong dependence on albedo, but curvature is also adversely affected. The result is that the band parameter classes defined for the NIN region cannot be applied directly to other regions. A similar process can be used to define new classes for other regions, but this approach eliminates the ability to make direct comparisons between the NIN and other regions. Additionally, it should be noted that while these band parameters can be used to draw a number of subtle compositional ''classes,'' they are based on only 2 -3 bands of multispectral data, and their power to resolve compositional differences is severely limited by the data upon which they are based. We assert that the Clementine UVVIS multispectral data are insufficient to test rigorously the various hypotheses for the origin of the NIN region's anomalous composition. The logical basis for evaluating the uniqueness and source of the NIN region's composition is sound but limited by the available data; evaluation can and should be attempted with the higher-quality data to be returned from new lunar missions. Examination of other regions with improved data will allow our hypotheses to be evaluated more rigorously.
Conclusions
[38] Analysis of 5-band Clementine UVVIS spectra shows that the Northern Imbrium region has an anomalously noritic composition. Analysis of Clementine UVVIS-derived 5-band spectra, ratio images, and multispectral band parameters reveal compositional trends with depth, longitude, and with distance from the Imbrium basin. The region is shown to become more feldspathic with depth, from east to west, and with increasing distance from Imbrium. Together with surface Th abundance data from the Lunar Prospector mission, these results suggest that the NIN region has an unusual compositional stratigraphy as compared to the canonical model for the lunar crust, as it appears to have mafic-rich materials overlying and grading into more feldspathic materials. The latter are exposed in the central peak of the largest crater in the region, Pythagoras. The combined application of our band strength and band curvature parameters allows firstorder separation of the effect of maturity and topography from those of composition on Clementine UVVIS multispectral reflectance data.
[39] A number of hypotheses can explain the NIN compositional anomaly. They include crustal heterogeneity/ indigenous noritic plutons, mafic Imbrium ejecta, mafic SPA antipodal ejecta, or some combination of the above. Each has its merits, though our interpretation is that a combination of early SPA antipodal ejecta and later mafic Imbrium ejecta represent the best hypothesis. This hypothesis could be tested by performing equivalent compositional analyses on other regions located symmetrically around Imbrium, because if this hypothesis is correct, the NIN region should be unique from others around Imbrium owing to its being the only region where the two effects coincide. However, we found that the limitations of the Clementine UVVIS data set (calibration as well as spectral resolution and spectral coverage) prevent such direct comparisons. Examination of the NIN and other regions around Imbrium with improved compositional data, which the next generation of lunar missions will collect, should allow more direct comparisons and would allow these hypotheses to be tested more fully.
